JunB is a member of the activator protein-1 (AP-1) transcription factor family. Several AP-1 proteins, including Jun, Fos, and activating transcription factor family members dimerize to exert their actions ([@B1]). Among their effects, the most investigated is their capacity to modulate proliferation (for review see Refs. [@B1] and [@B2]). In this regard, JunB has a dual role. It has been described as a growth-inhibiting protein that antagonizes the proliferative effects of c-Jun. It suppresses cell proliferation by direct transcriptional activation of the cell cycle suppressor p16INK4A ([@B3]) and by negatively regulating cyclin D1 ([@B4]). On the other hand, JunB has also a cell cycle-promoting role through activating the transcription of the cell cycle regulator cyclin A ([@B5]). However, AP-1 proteins not only act as oncogenes or tumor suppressors, but they are also involved in a broader spectrum of cellular events, such as apoptosis, differentiation, and inflammation ([@B1], [@B6], [@B7]). JunB and other AP-1 proteins are early responders to mitogenic stimuli, such as insulin, which up-regulates JunB in several model systems like human myotubes ([@B8]) and 3T3-L1 adipocytes ([@B9]). *In vivo*, JunB expression responds to plasma insulin levels in human skeletal muscle (SM) ([@B10]) and murine liver and adipose tissue (AT) ([@B11]) and is influenced by plasma glucose concentrations in mouse liver and AT ([@B11], [@B12]). All these facts highlight that JunB might have an important role in insulin-sensitive tissues, but its exact function remains unclear. Among the insulin-sensitive tissues, AT serves as an energy reservoir as well as an endocrine organ that secretes factors to maintain whole-body homeostasis. Until today, little was known about the influence of AP-1 proteins on adipocyte differentiation or fat cell metabolism. DeltaFosB, another AP-1 family member, inhibits adipogenesis both *in vivo* and *in vitro* ([@B13]). It down-regulates expression of adipogenic marker genes like *PPAR*γ*2* and *C*/*EBP*α by interfering with *C*/*EBP*β ([@B13]). More recently, overexpression of JunB has been shown to block adipocytic differentiation in highly aggressive sarcomas and in 3T3-L1 cells, also through an interaction with *C*/*EBP*β ([@B14]).

Given the scarce information on the effects of JunB in AT, despite that its up-regulation is found among the first responses of AT to nutrient signals such as insulin, the present paper addresses the role of JunB deficiency in AT metabolism. JunB knockout (JunB-KO) mice suffer from chronic myeloid leukemia-like disease ([@B15], [@B16]). It was reported that they are growth retarded and show reduced bone formation and longitudinal bone growth ([@B17], [@B18]). Here we show that the growth retardation of JunB-deficient mice correlates with a strongly reduced fat mass (and is also associated with high lethality). However, although expression levels of JunB have been shown to influence adipogenesis *in vitro* ([@B14]), we could not find any changes in the expression of adipogenic marker genes like *C*/*EBP*ß, *PPAR*γ, and *C*/*EBP*α, whereas the expression levels of adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) were strongly increased in AT of JunB-KO mice. Additionally, we found TNFα expression significantly elevated in white AT (WAT) of JunB-KO mice, and concomitantly, perilipin expression was strongly reduced. From these results, we conclude that the reduced AT mass seems to be a consequence of increased lipolytic rate, most likely mediated by a combination of ATGL/HSL up-regulation and perilipin down-regulation.

Materials and Methods
=====================

Animal experiments
------------------

Mice carrying the floxed JunB allele (JunB^fl/fl^) were crossed to MORE-Cre mice to derive JunB-deficient mice ([@B17]). Only male mice were used for this study. Animals were kept on a 12-h light, 12-h dark cycle and on a standard laboratory chow diet (4.5% wt/wt fat, ssniff-Spezialdieaten GmbH, Soest, Germany). All animal procedures used were approved by the Austrian Bundesministerium für Wissenschaft und Forschung.

For the growth curves of wild-type (WT) and JunB-KO mice, all animals from several matings were weighed at the age of 5, 10, 15, 20, 40, 80, and 100 d after birth. For the survival rate, the percentage of surviving animals from several matings over a period of 12 wk was determined. The body mass composition (BMC) of WT and JunB-KO animals was measured at the age of 100 d using the minispec live mouse analyzer (7.5 MHz) from Bruker (Ettlingen, Germany). For feeding experiments, WT and JunB-KO mice at the age of 12 wk were put either on a chow diet or on a high-fat diet (HFD) containing 40% calories in fat (ssniff, Germany) for another 7 wk. Mice were weighed weekly after putting them on the respective diets. During these 7 wk, the survival rate of the mice was monitored in parallel. Additionally, during the last 3 wk of this feeding experiment, food intake of WT and JunB-KO mice on the chow diet was measured by weighing the food in each cage dispenser.

Analysis of plasma parameters
-----------------------------

At the age of 3--4 months, blood was collected in the morning from fed or fasted animals (at least 10 h of nighttime fasting) by retroorbital bleeding. Plasma was produced (8000 × *g* at 4 C for 10 min) and immediately used to determine glucose (Sigma Chemical Co., St. Louis, MO), free fatty acids (FFA) (Wako Chemicals, Richmond, VA), and triglycerides (TG) (Infinity TG reagent; Thermo Electron, Noble Park North, Australia). Leptin and insulin were measured using ELISA following the manufacturers\' instructions (mouse leptin ELISA kit from LINCO Research, St. Charles, MO, and rat insulin ELISA kit from Crystal Chem Inc., Downers Grove, IL). Plasma catecholamine (CA) levels were measured using the ClinRep Komplettkit for human plasma CA and reversed-phase HPLC electrochemical detection protocol described by Recipe Chemicals (Munich, Germany). In brief, the plasma volume was adjusted to 1 ml using water, 500 pg of internal standard was added, and CA was subsequently adsorbed to alumina, washed, and eluted according to the manufacturer\'s protocol. Forty microliters of the eluent was injected into the Recipe HPLC system consisting of an autosampler AS3000, an isocratic HPLC pump IP3000 (1 ml/min), a thermostat HT3000 (25 C), and the Clinrep CA column, coupled to the digital amperometric detector EC 3000 (electrode potential was set to 500 mV, sensitivity 10 nA). Data were analyzed using Clarity software and CA levels normalized according to the recovery of internal standard.

Glucose tolerance test (GTT) and insulin sensitivity test (IST)
---------------------------------------------------------------

Animals were subjected to tests at the age of 4 months. For the GTT, six WT and four JunB-KO mice were fasted for 6 h, and baseline blood samples (20 μl) were collected by tail bleeding (time zero). Subsequently, the mice received an ip injected bolus (1.7 g/kg) of 10% (wt/vol) [d]{.smallcaps}-glucose solution, and additional blood samples were drawn by tail bleeding after injection. Glucose was determined using the Glucometer from Roche (Roche Diagnostics Inc., Mannheim, Germany). For the IST, six mice from each group were fasted for 4 h, and afterward, 0.5 IU insulin per kilogram mouse was administered ip as a 0.1-IU/ml solution. Blood samples were collected again by tail bleeding at the time points indicated in the figures. The area under the curve (AUC) was calculated from both tests after correction for baseline blood glucose concentration.

Silencing of JunB using short hairpin RNA (shRNA) lentivirus particles
----------------------------------------------------------------------

One control nontargeting shRNA lentivirus and four shRNA lentiviruses directed against JunB were purchased from Sigma (MISSION shRNA lentiviral particles NM_008416). Gene silencing in 3T3-L1 cells was performed as previously described elsewhere ([@B19]).

Cell culture and differentiation analysis
-----------------------------------------

3T3-L1 cells were grown and induced to differentiate as previously described elsewhere ([@B19]). Mouse embryonic fibroblasts (MEF) from WT and JunB-KO animals were harvested from intercrosses between heterozygous JunB-KO mice as described elsewhere ([@B20]). MEF were grown in culture medium (αMEM, 10% fetal bovine serum, 2 m[m]{.smallcaps} [l]{.smallcaps}-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin; all from Invitrogen/Life Technologies, Inc., Carlsbad, CA) at 37 C and 5% CO~2~. Medium was refreshed every third day, and cells were subcultivated (at a 3:1 rate) before they reached confluence. At passage one, cells (two million/ml per tube) were frozen in liquid nitrogen in medium with a supplementation of 10% dimethylsulfoxide (Sigma). Differentiation experiments were performed at passage three as follows: a standard MDI mix (1 μ[m]{.smallcaps} dexamethasone, 0.5 m[m]{.smallcaps} isobutylmethylxanthine, and 5 μg/ml insulin) was supplemented in the culture medium, along with 1 μ[m]{.smallcaps} rosiglitazone (Alexis, Biochemicals, Lausanne, Switzerland), to 2-d postconfluent cells. After 3 d, medium was replaced by growth medium supplemented with 1 μg/ml insulin.

Lipid content of the differentiated cells was determined by oil red O staining ([@B21]) and by TG content analysis. Briefly, 3T3-L1 cells were washed with PBS, collected in 0.5 ml PBS per well, and sonicated twice for 20 sec on ice. TG content was measured using Infinity TG reagent (Thermo Electron). Values were corrected by protein content measurement using the bicinchoninic acid reagent (Pierce Biotechnology, Rockford, IL).

Gene expression analysis
------------------------

Murine tissues such as SM and epididymal WAT were harvested after overnight fasting and washed with PBS, and RNA was isolated using Trizol according to the manufacturer\'s protocol guidelines. For cell culture experiments, cells were washed with PBS and harvested using the RNA isolation kit from Macherey-Nagel (Düren, Germany). Gene expression was assessed by real-time RT-PCR using an ABI Prism 7700 sequence detector system using SYBR Green PCR master mix (Applied Biosystems, Foster City, CA). Gene expression was normalized using *TFII*ß as reference gene. Relative mRNA expression levels were calculated using averaged ΔΔCt values for each biological replicate (as implemented in Ref. [@B22]). The following primer sequences were used for RT-PCR: *TFII*ß forward GTCACATGTCCGAATCATCCA, and reverse, TCAATAACTCGGTCCCCTACAA; *ATGL* forward, GTCCTTCACCATCCGCTTGTT, and reverse, CTCTTGGCCCTCATCACCAG; *PPAR*γ forward, CACAATGCCATCAGGTTTGG, and reverse, CAGCTTCTCCTTCTCGGCCT; *C*/*EBP*α forward, ATCTGCGAGCACGAGACGTC, and reverse, TGTCGGCTGTGCTGGAAGA; *C*/*EBP*ß forward, GGACTTGATGCAATCCGGA, and reverse, AACCCCGCAGGAACATCTTTA; *aP2* forward, CGACAGGAAGGTGAAGAGCATC, and reverse, ACCACCAGCTTGTCACCATCT; *HSL* forward, GCAAGATCAAAGCCTCAGCG, and reverse, GCCATATTGTCTTCTGCGAGTGT; *Glut4* forward, CTGTCGCTGGTTTCTCCAACT, and reverse, GCATCCGCAACATACTGGAA; *LPL* forward, CTCAGATGCCCTACAAAGTGTTCC, and reverse, TCTCGAAGGCCTGGTTGTGT; *FAS* forward, GCTGTAGCACACATCCTAGGCA, and reverse, TCGTGTTCTCGTTCCAGGATC; *SCD1* forward, ATCGCCTCTGGAGCCACAC, and reverse, ACACGTCATTCTGGAACGCC; *JunB* forward, GGCTTTGCGGACGGTTT, and reverse, GGCGTCACGTGGTTCATCT; perilipin forward, GGTACACTATGTGCCGCTTCC, and reverse, CTTTGCGCTCCGCCTCT; *TNF*α forward, CATCTTCTCAAAATTCGAGTGACAA, and reverse, TGGGAGTAGACAAGGTACAACCC; *ACL* forward, TCCTACAAAGAGGTGGCAGAACT, and reverse, GGCTTGAACCCCTTCTGGAT; *CD36* forward, GGCCAAGCTATTGCGACAT, and reverse, CAGATCCGAACACAGCGTAGA; *CGI-58* forward, TGGTGTCCCACATCTACATCA, and reverse, CAGCGTCCATATTCTGTTTCCA.

Western blot analysis
---------------------

WAT of WT and JunB-KO mice was harvested after o/n fasting. The tissues were homogenized in buffer containing 0.25 [m]{.smallcaps} sucrose, 1 m[m]{.smallcaps} EDTA (pH 7), 1 m[m]{.smallcaps} EDTA, and 1× protease inhibitor cocktail. The homogenates were centrifuged at 1000 × *g* at 4 C for 20 min. The liquid intermediates between lipid layer and pellet were transferred to a new tube and mixed 1:1 with lysis buffer \[50 m[m]{.smallcaps} Tris-HCl (pH 6.8), 10% glycerol, 2.5% sodium dodecyl sulfate, 1× protease inhibitor cocktail, 1 m[m]{.smallcaps} phenylmethylsulfonyl fluoride\]. Control \[nontargeting control construct (ntc)\] and JunB-silenced 3T3-L1 cells (sil1 and sil2) were harvested for protein analysis by scraping into lysis buffer after two washes with ice-cold PBS. The protein suspensions were incubated at 90 C for 10 min. Thereafter, benzonase (Merck, Darmstadt, Germany) was added followed by incubation at room temperature for 1 h. Protein concentration was determined with the bicinchoninic acid protein assay kit from Pierce according to the manufacturer\'s instructions. Each lane of a 10% Bis-Tris gel (NuPAGE; Invitrogen) was loaded with 20 μg sample. After electrophoresis, gels were blotted to nitrocellulose membranes (Invitrogen). Blots were blocked and incubated with the following antibodies: anti-JunB (Santa Cruz Biotechnology, Santa Cruz, CA; diluted 1:300), anti-ATGL (1:1000; Cayman Chemical, Ann Arbor, MI), and anti-β-actin (1:25,000; Sigma). For chemiluminescent detection, a horseradish peroxidase-conjugated secondary antibody was used (antimouse 1:5000 for JunB, antimouse 1:2000 for ß-actin, and antirabbit 1:5000 for ATGL; Pierce), and enhanced chemiluminescence component (Pierce) served as substrate. Developed films were scanned with HP Scanjet at 600 dpi.

Statistical analysis
--------------------

If not otherwise stated, results are mean values (± [sd]{.smallcaps}) from at least three independent experiments. Statistical significance was determined using the two-tailed Student′s *t* test.

Results
=======

JunB-KO mice show growth retardation, lower survival rate, and reduced fat mass compared with WT littermates
------------------------------------------------------------------------------------------------------------

To assess the consequences of JunB deficiency on body weight, heterozygous JunB-KO mice were mated, and the offspring were weighed during the suckling period every fifth day and after weaning at the age of 40, 80, and 100 d. JunB-KO mice appeared normal immediately after birth compared with their WT littermates. During suckling, JunB-KO mice gained significantly less weight than their WT littermates, and at the age of 3 months, JunB-KO mice weighed approximately 25% less than their WT littermates ([Fig. 1](#F1){ref-type="fig"}A). JunB-KO mice were born with Mendelian frequency. However, their survival rate dropped under 50% during weaning, and only 35% of the JunB-KO mice reached the age of 12 wk ([Fig. 1](#F1){ref-type="fig"}B). Heterozygous JunB-KO mice on the other hand could not be distinguished from their WT littermates, because they had the same weight and survival rate as WT controls. Comparing the BMC of 3- to 4-month-old JunB-KO mice with the BMC of WT controls revealed a significant reduction of fat mass in JunB-KO mice (19% fat mass compared with 28% in WT mice), whereas lean body mass was not significantly altered ([Fig. 1](#F1){ref-type="fig"}C). When compared with WT mice, liver and brown AT of JunB-KO mice showed the same percent weight, appearance, and TG content (data not shown). To evaluate whether JunB-KO mice gained less weight due to a reduced food intake, we measured the daily food intake over a period of 3 wk. JunB-KO mice even showed a slight but not significant increase in food intake compared with WT animals (0.19 ± 0.3 and 0.16 ± 0.2 g diet/g mouse · d in JunB-KO and control mice, respectively). Thus, the altered fat to body weight ratio in JunB-deficient animals is independent of their food intake.

![JunB-KO mice show strong growth retardation and increased death rate. A, Growth curve of JunB-KO (○) mice and WT littermates (■) (n = 10). Weight (grams) was measured at the age of 5, 10, 15, 20, 40, 80, and 100 d after birth. Statistical significance was determined using the two-tailed Student\'s *t* test. \*, *P* \< 0.05; \*\*, *P* \< 0.01. B, Survival rate of JunB-KO mice and WT littermates (n = 20, at the beginning of the experiment) on a chow diet from birth until the age of 12 wk. C, JunB-KO mice have strongly reduced fat mass, whereas lean body mass (percent body weight) was not changed in comparison with WT controls. BMC of JunB-KO mice and WT littermates (n = 7) was measured at the age of 100 d using the minispec live mouse analyzer (7.5 MHz) from Bruker. Statistical significance was determined using the two-tailed Student\'s *t* test. \*\*, *P* \< 0.01.](zee0071159730001){#F1}

Modulation of plasma parameters due to JunB deficiency
------------------------------------------------------

[Table 1](#T1){ref-type="table"} contains the plasma parameters measured in mice at the age of 3--4 months in fed and/or overnight fasted state. In the fed state, we found significantly elevated TG levels in JunB-deficient mice, whereas no changes in TG levels could be found in the fasted state ([Table 1](#T1){ref-type="table"}). For FFA levels, we could measure a trend of reduction in plasma of JunB-KO mice compared with their WT controls in fasted and fed states ([Table 1](#T1){ref-type="table"}). Interestingly, JunB-deficient mice showed significantly reduced fasting glucose levels in comparison with their WT littermates. Also, plasma insulin levels were significantly reduced in the fasted state in JunB-KO mice in comparison with their WT littermates, whereas there was no significant difference in insulin in the fed state ([Table 1](#T1){ref-type="table"}). Concomitant lower glucose and insulin levels during fasting suggest increased insulin sensitivity in the JunB-KO mice. To address this, we subsequently performed GTT and IST in these mice. [Figure 2](#F2){ref-type="fig"}A shows that, after baseline-correction, the glucose profile in JunB-KO mice is similar to that of the WT mice. Concomitantly, the AUC ([Fig. 2](#F2){ref-type="fig"}B) shows that JunB-KO mice have the same glucose tolerance as WT littermates. Instead, the clearance of plasma glucose observed after a single ip injection of insulin was significantly more pronounced in JunB-deficient mice than in WT animals as depicted in the IST after baseline correction ([Fig. 2](#F2){ref-type="fig"}C) and in the AUC that is significantly lower in JunB-KO mice ([Fig 2](#F2){ref-type="fig"}D), indicating that JunB-KO mice are more insulin sensitive than WT controls. Furthermore, we investigated whether JunB-KO mice have reduced leptin secretion. [Table 1](#T1){ref-type="table"} shows that secreted leptin levels were also significantly reduced in JunB-KO mice. However, calculated leptin to WAT mass ratio was not changed in JunB-KO mice in comparison with their WT littermates ([Table 1](#T1){ref-type="table"}), suggesting that JunB-deficient mice produce less leptin due to reduced AT mass. However, as shown above, the food intake was not significantly elevated in JunB-KO mice. Finally, we measured catecholamine levels of JunB-KO mice and WT controls and found no significant differences ([Table 1](#T1){ref-type="table"}).

###### 

Plasma parameters of 3- to 4-month-old JunB-KO and WT mice

                                Fed state      Fasted state                                                     
  ----------------------------- -------------- ------------------------------------------------- -------------- --------------------------------------------------
  TG (mmol/liter)               0.77 ± 0.1     1.04 ± 0.2[*^b^*](#TF1-2){ref-type="table-fn"}    1.24 ± 0.28    1.27 ± 0.29
  FFA (mmol/liter)              0.60 ± 0.1     0.55 ± 0.2                                        1.05 ± 0.16    0.84 ± 0.19
  Glucose (mg/dl)                                                                                64.6 ± 9.93    47.3 ± 6.62[*^a^*](#TF1-1){ref-type="table-fn"}
  Insulin (ng/ml)               0.84 ± 0.158   0.99 ± 0.352                                      0.52 ± 0.075   0.45 ± 0.038[*^a^*](#TF1-1){ref-type="table-fn"}
  Leptin (ng/ml)                3.45 ± 0.69    2.14 ± 0.31[*^b^*](#TF1-2){ref-type="table-fn"}                  
  Leptin (ng/ml · g fat mass)   0.48 ± 0.10    0.55 ± 0.08                                                      
  Epinephrine (pg/ml)           219.9 ± 32     231.9 ± 7                                                        
  Norepinephrine (pg/ml)        453.1 ± 148    317.5 ± 55                                                       

Blood samples from JunB-KO mice and their WT littermates were taken either in fed state (at 0900 h) or after overnight fasting. Plasma parameters were analyzed as described in *Materials and Methods*. Statistical significance was determined using the two-tailed Student\'s *t* test.

*P* \< 0.05.

*P* \< 0.01.

![JunB-KO mice have elevated insulin sensitivity. A, For the GTT, six WT (■) and four JunB-KO (○) mice at the age of 4 months were fasted for 6 h. Baseline blood samples were then collected by tail bleeding (time zero). Subsequently, the mice received an ip injection of glucose, and additional blood samples were drawn by tail bleeding at 15, 30, 60, and 90 min after injection. Glucose was determined using the Glucometer from Roche. The curve for the GTT was baseline corrected. Statistical significance was determined using the two-tailed Student\'s *t* test. B, To examine glucose tolerance of WT (■) and JunB-KO (○) mice, the glucose AUC was calculated after correction for baseline blood glucose concentrations. C, For the IST, six mice from each group were fasted for 4 h, and afterward, 0.5 IU insulin/kg mouse was administered ip. Blood samples were collected by tail bleeding at the time points indicated in the figure. Glucose was determined using the Glucometer from Roche. The curve for the IST was baseline corrected. Statistical significance was determined using the two-tailed Student\'s *t* test. \*, *P* \< 0.05. D, The insulin sensitivity, the decrease of plasma glucose after injection of insulin, was determined by the glucose AUC calculated after correction for baseline blood glucose concentration. Statistical significance was determined using the two-tailed Student\'s *t* test. \*, *P* \< 0.05.](zee0071159730002){#F2}

HFD ameliorates JunB-KO phenotype and survival rate
---------------------------------------------------

To delineate whether JunB-KO mice are also impaired in their ability to gain weight upon a high-caloric diet, 12-wk-old JunB-deficient mice and their WT littermates were put on a HFD for 7 wk or continued on chow diet for the same time. [Figure 3](#F3){ref-type="fig"}A shows that under a chow diet, JunB-KO mice did not increase body weight like WT mice did (as observed for the first 100 d in [Fig. 1](#F1){ref-type="fig"}A). Interestingly, on a HFD, JunB-deficient mice showed nearly the same weight gain as their WT littermates ([Fig. 3](#F3){ref-type="fig"}A).

![JunB-KO mice recover from their phenotype under HFD. The 12-wk-old mice were fed either a standard chow or a HFD for 7 more weeks. A, Growth curve of JunB-KO mice and WT littermates (n ≥ 6). Weight (grams) was measured weekly over a period of 7 wk in JunB-KO mice (□, on chow diet; ■, on HFD) and WT littermates (▵, on chow diet; ▴, on HFD). B, Survival rate of JunB-KO mice and WT littermates (n = 20, at the beginning of the experiment). Survival rate of the mice was monitored weekly over a period of 7 wk in mice on control diet (□, WT mice; ○, JunB-KO) and HFD (■, WT mice; ●, JunB-KO).](zee0071159730003){#F3}

We also evaluated whether JunB-deficient mice on a HFD show an increased survival rate. For that, we monitored the percentage of survival of WT and JunB-KO mice during the 7 wk on the HFD. As depicted in [Fig. 3](#F3){ref-type="fig"}B, only 5% of the JunB-KO mice died on the HFD, whereas 55% of the JunB-KO mice died on the chow diet. These data indicate that the capacity to gain weight is retained in JunB-KO mice, which strongly reverses the early death of these mice.

JunB is not required for adipogenic differentiation of 3T3-L1 cells and MEF
---------------------------------------------------------------------------

Recently, it has been published that overexpression of JunB blocks adipocytic differentiation in highly aggressive sarcomas and in 3T3-L1 cells through an interaction with C/EBPß ([@B14]). To investigate whether JunB deficiency has a direct influence on fat cell differentiation or on the expression of lipolytic enzymes *in vitro*, we stably silenced JunB in 3T3-L1 cells using lentiviral shRNA. Silencing efficiency of knockdown lentiviruses harboring a shRNA construct targeted against JunB was determined by quantitative RT-PCR and protein analysis and compared with cells infected with a ntc. For two shRNA constructs, JunB gene expression was significantly reduced in JunB-silenced cells compared with ntc cells on mRNA ([Fig. 4](#F4){ref-type="fig"}A) and protein level ([Fig. 4](#F4){ref-type="fig"}B). After adding the standard differentiation cocktail (MDI) to ntc and JunB-silenced cells, we measured the TG content on d 3, 6, and 10. As depicted in [Fig. 4](#F4){ref-type="fig"}C, TG content was not significantly influenced by JunB silencing, which is also shown by oil red O staining ([Fig. 4](#F4){ref-type="fig"}D). In addition, adipogenic marker genes like *C*/*EBP*β, *C*/*EBP*α, and *PPAR*γ as well as the expression of ATGL and HSL were unchanged in JunB-silenced cells compared with ntc ([Fig. 4](#F4){ref-type="fig"}A). To employ a more physiological model, we isolated MEF from the offspring of JunB^+/−^ matings and subjected them to adipogenic differentiation. MEF from JunB-deficient embryos were indistinguishable from WT MEF in terms of TG accumulation as well as expression of adipogenic and lipolytic marker genes (data not shown). These results propose that JunB does not directly regulate the expression of adipocytic and lipolytic genes, at least *in vitro*.

![Expression of JunB is not required for 3T3-L1 differentiation. 3T3-L1 cells were infected with the MISSION TRC lentiviral particles coding for JunB shRNA (two independent replicates) or a nontargeting shRNA as control (ntc), selected for puromycin resistance, expanded as a mixed population, and induced to differentiate using MDI cocktail. A, JunB silencing has no impact on the expression of genes important for differentiation and lipolysis in differentiating 3T3-L1 cells. Expression of C/EBPß, PPARγ, C/EBPα, ATGL, and HSL in JunB-silenced 3T3-L1 cells was compared with control cells (ntc) at d 3 and 6. B, Western blot analysis was performed to confirm silencing of JunB on protein level (two independently silenced 3T3-L1 cells named sil1 and sil2). β-Actin served as loading control. C, TG accumulation in 3T3-L1 cells is unchanged upon silencing of JunB (JunB_sil1 and JunB_sil2) in comparison with ntc. TG content of the cell lysates was measured on d 3, 6, and 10 after induction of differentiation and normalized to protein content. D, Oil red O staining of control and JunB-silenced 3T3-L1 cells on d 10 of differentiation.](zee0071159730004){#F4}

ATGL and HSL expression as well as lipolytic rate are increased in JunB-KO mice
-------------------------------------------------------------------------------

To investigate whether the marked reduction of fat mass in JunB-KO mice is caused by defective adipogenesis, we analyzed the expression of key genes of adipocyte differentiation. No changes in the expression of PPARγ, C/EBPα, and C/EBPß were detected ([Fig. 5](#F5){ref-type="fig"}A). Hence, we conclude that the reduced AT mass in JunB-KO mice is not a result of reduced adipogenic potential. Next, we investigated whether JunB-KO mice might counteract their reduced WAT mass by increasing the expression of genes for FA and glucose uptake or for lipogenesis. We found neither expression of lipoprotein lipase (LPL), a protein important for FA supply to WAT, nor expression of Glut4, the main transporter involved in glucose uptake into WAT, changed in fasted ([Fig. 5](#F5){ref-type="fig"}A) or fed (data not shown) JunB-KO mice compared with WT controls. Additionally, lipogenic genes like ATP-citrate lyase (*ACL*), FA synthase (*FAS*) and steroyl-CoA-desaturase 1 (*SCD1*) were not changed in WAT of JunB-KO mice ([Fig. 5](#F5){ref-type="fig"}A). Next, we analyzed whether the reduction of AT mass in JunB-KO mice might be due to increased lipolysis. Interestingly, we found ATGL, the main lipase responsible for intracellular TG hydrolysis, to be strongly up-regulated on mRNA and protein levels in WAT of fasted JunB-KO mice ([Fig. 5](#F5){ref-type="fig"}, A and B, respectively). Furthermore, comparative gene identification-58 (CGI-58), an important activator of ATGL lipolysis, is significantly increased in WAT of JunB-KO mice ([Fig. 5](#F5){ref-type="fig"}A). In addition, HSL mRNA expression was significantly increased ([Fig. 5](#F5){ref-type="fig"}A). Finally, the plasma FFA levels in relation to total adipose mass ([@B23], [@B24]) of fasted JunB-deficient mice are 1.5-fold elevated compared with WT animals (0.216 ± 0.077 mmol/liter · g fat mass in JunB-KO mice compared with 0.146 ± 0.028 mmol/liter · g fat mass in WT animals; *P* value = 0.065). This suggests an increase in the lipolytic rate, which might be a response to counteract the reduced energy substrate serum levels (FFA and glucose; [Table 1](#T1){ref-type="table"}) and the resulting reduced energy supply for the periphery.

![Changes in gene/protein expression in WAT and SM of fasted JunB-KO mice. JunB-KO mice and their WT controls (n ≥ 3) were fasted overnight, and afterward, tissues were collected and RNA isolated for gene expression analysis, assessed by real-time PCR. Gene expression was normalized to TFIIß, and relative mRNA expression levels were calculated using averaged ΔΔCt. For each gene, values are relative to the WT animals. For Western blot analysis, protein was isolated from WAT of JunB-KO mice and their WT controls (n = 2). ß-Actin served as loading control. Statistical significance was determined using the two-tailed Student\'s *t* test. \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001. A, mRNA expression levels in WAT. ATGL, CGI-58, and HSL mRNA expression were significantly increased in WAT of JunB-deficient mice. B, Protein expression levels of ATGL were analyzed by Western blot as described in the *Materials and Methods*. ATGL expression was strongly increased in WAT of JunB-KO mice. C, mRNA expression levels in SM. LPL, CD36, and some lipogenic genes were strongly increased in SM of JunB-deficient mice.](zee0071159730005){#F5}

In line with this, LPL and CD36 expression are highly up-regulated in SM of fasted JunB-deficient mice ([Fig. 5](#F5){ref-type="fig"}C), probably to supply the SM with sufficient amounts of FA to satisfy the demand for ß-oxidation. Also, lipogenic genes like *ACL*, *FAS*, and *SCD1* were highly up-regulated in the SM of fasted JunB-KO mice, as depicted in [Fig. 5](#F5){ref-type="fig"}C. From these data, we conclude that JunB-KO mice increase TG hydrolysis in WAT to supply the periphery with energy. Additionally, because LPL and CD36 are increased in SM of JunB-KO, we hypothesize that JunB-KO mice try to maintain SM energy supply at the expense of WAT.

TNFα expression is strongly increased in JunB-KO mice
-----------------------------------------------------

Our cell culture experiments showed that JunB knockdown does not regulate genes involved in adipogenesis and lipolysis *per se*. However, JunB has been shown to be involved in the control of TNFα shedding and expression ([@B6], [@B25]), and many studies have implicated TNFα in the regulation of lipolysis ([@B26]--[@B30]). We found TNFα mRNA expression to be significantly increased in WAT of JunB-deficient mice ([Fig. 6](#F6){ref-type="fig"}). Furthermore, expression of perilipin, a lipid droplet surrounding protein that restricts lipolysis, was strongly reduced in these mice ([Fig. 6](#F6){ref-type="fig"}). From these results, we propose that an increase in TNFα expression may contribute to the increased lipolytic rate in JunB-deficient mice via down-regulation of perilipin.

![Expression of TNFα and perilipin in WAT of fasted JunB-KO mice. JunB-KO mice and their WT controls (n ≥ 3) were fasted overnight, and afterward, tissues were collected and RNA isolated for gene expression analysis, assessed by real-time PCR. Gene expression was normalized to TFIIß, and relative mRNA expression levels were calculated using averaged ΔΔCt. For each gene, values are relative to the WT animals. Statistical significance was determined using the 2-tailed Student\'s *t* test. \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.](zee0071159730006){#F6}

Discussion
==========

In this study, we have explored the effects of JunB deficiency on AT metabolism in mice. Lack of JunB in the embryo is lethal, but strategies have been developed to obtain viable JunB-deficient mice ([@B17], [@B16]). We found that these JunB-deficient animals have strongly reduced weight gain reflected by massively reduced AT mass, leading to a death rate of approximately 70% within the first 4 months after birth. The fact that these mice have strongly reduced AT mass could be due either to a failure to acquire fat or to a progressive loss of fat while the animals are growing. To analyze whether JunB is involved in the acquisition of fat stores, we examined whether JunB is involved in adipogenesis. In fact, it has been previously shown that JunB overexpression reduces adipocytic differentiation through an interaction with *C*/*EBP*ß ([@B14]). However, our results show that JunB silencing in 3T3-L1 changed neither lipid accumulation nor expression of adipogenic genes. Furthermore, the *in vitro* adipogenic capacity of primary cells (MEF) obtained from JunB-KO mice was indistinguishable from WT MEF. Additionally, we measured the gene expression of adipocytic key genes like *PPAR*γ, *C*/*EBP*α, and *C*/*EBP*β in AT of JunB-KO mice and found no differences in comparison with WT littermates. Finally, we investigated the effects of an energy-rich diet in JunB-deficient mice. On a HFD, the survival rate of JunB-KO mice could be significantly improved, possibly by preventing further weight loss. These results show that JunB-KO animals can properly acquire fat, and that the capacity of adipogenesis is still retained in these mice. All these data suggest that JunB deficiency has no influence on adipogenesis in these mice.

Interestingly, gene expression analysis of WAT of fasted JunB-KO mice showed an increased HSL expression and strong up-regulation of ATGL and CGI-58 expression. Additionally, the plasma FFA to WAT mass ratio of fasted JunB-KO mice is elevated, suggesting increased lipolysis in agreement with the increased expression of lipolytic genes. At least in human fat cells and for HSL, a strong positive correlation between lipolytic activity and mRNA expression has been shown ([@B31]). Therefore, AT reduction in JunB-KO mice could be due to an increased lipolytic rate leading to decreased fat accretion. Whether this possible increased lipolysis is the cause or the consequence of the metabolic derangements in JunB-KO mice remains unclear. However, ATGL and HSL are highly up-regulated in WAT of fasted JunB-KO mice, whereas expression of both is not changed in JunB-silenced 3T3-L1 cells, suggesting no direct regulation of ATGL and HSL via JunB. Thus, the increase of ATGL and HSL might be due to a systemic effect/factor in JunB-KO mice, like the significantly decreased insulin levels. Insulin has been shown to be an important hormonal regulator of HSL and ATGL expression and activity ([@B32]--[@B34]).

JunB-KO mice develop a chronic myeloid leukemia-like disease later in life ([@B17]), but we report here that a phenotype resembling cachexia develops early postnatally in these mice, before the onset of leukemia. Cachexia is recognized as a severe wasting syndrome associated with cancer or other nonmalignant conditions ([@B35]). However, JunB-KO mice reflect only some hallmarks of cachexia while lacking others. For instance, cachexia is characterized by loss of muscle mass with or without loss of fat mass ([@B36]), but lean body mass of JunB-KO mice is not different from WT mice. Furthermore, insulin resistance and anorexia are often associated with cachexia ([@B35]), which cannot be recapitulated in JunB-KO mice (they are more insulin sensitive than WT mice, and their food intake is equal to WT mice), although increased lipolysis in cancer cachexia has also been shown to occur independently of malnutrition ([@B24], [@B36], [@B37]). We also found that JunB-KO mice on a HFD can normalize their weight to WT levels within 4--5 wk. The topic of nutritional reversion of cachexia is also highly controversial. For cancer cachexia, it has been shown that neither oral nor iv nutritional supplementation can reverse the weight loss in cachectic subjects ([@B38]). On the other hand, HFD have previously been shown to ameliorate cachexia symptoms in other noncancerous animal models ([@B38], [@B39]). Finally, strongly arguing in favor of a cachexia-resembling phenotype of JunB-KO mice, their decreased body (and fat) weight might be caused by increased transcriptional up-regulation of the lipolytic pathway in WAT. Increased lipolysis in cancer cachexia was previously attributed to up-regulation of HSL expression ([@B23], [@B24]), whereas ATGL expression was not changed ([@B23]). AT loss and increased lipolysis have also been shown to be associated with noncancer cachexia ([@B40]--[@B43]); however, to our knowledge, neither HSL nor ATGL have been directly linked to non-cancer-associated cachexia. Thus, our data suggest that also up-regulation of ATGL, along with HSL, could be involved in the formation of a cachectic phenotype.

TNFα have among others been shown to elevate lipolysis in WAT ([@B26], [@B27], [@B44], [@B45], [@B47]). Recently, Guinea-Viniegra *et al.* ([@B6]) reported that Jun proteins control TNFα shedding and epidermal inflammation. They demonstrated that the loss of Jun proteins in the epidermis evokes a TNFα-dependent cytokine cascade, inducing severe skin inflammation and perinatal death of newborns by depletion of glycogen and lipid reservoirs, and describe this as a cachectic phenotype ([@B6]). We found TNFα expression highly up-regulated in WAT of fasted JunB-KO mice. Additionally, we found the expression of perilipin, a lipid droplet-coating and lipolysis-restricting protein, to be strongly reduced in WAT of JunB-KO mice. TNFα has been described to activate lipolysis via down-regulation and phosphorylation of perilipin ([@B26]--[@B30]). Thus, we propose that elevated TNFα expression locally increases the lipolytic rate in WAT of JunB-deficient mice by down-regulation of perilipin. Notably, higher expression levels of ATGL and HSL, along with TNFα, in WAT of JunB-KO mice constitute an inconsistency with previous reports that show reduced ATGL and reduced or unchanged HSL expression upon increased TNFα levels ([@B48]--[@B52]). This discrepancy could stem from the fact that the majority of these reports are performed *in vitro* ([@B49], [@B50], [@B52]). The few studies that measure the effect of TNFα on ATGL and HSL expression *in vivo* do so in healthy mice with intact AT ([@B51]), which is not the case in JunB-KO mice that seem to be in a permanent catabolic state. Additionally, the repressive effect of TNFα on the expression of many adipogenic genes is most likely mediated by a down-regulation of PPARγ ([@B49], [@B51], [@B53]), of which both *HSL* and *ATGL* are direct target genes ([@B54], [@B55]). In AT of JunB-KO mice, however, PPARγ expression is comparable to WT control mice. Interestingly, perilipin (also a PPARγ target gene) ([@B56]) is down-regulated in AT of JunB-KO mice. A recent publication showed that perilipin mRNA regulation by TNFα depends strongly on nuclear factor-κB signaling, which was not the case for ATGL mRNA ([@B47]). Hence, it is possible that TNFα affects transcription of individual genes via separate pathways (*i.e.* nuclear factor-κB or PPARγ signaling). Also, TNFα treatment was shown to lead to a dose-dependent up-regulation of PPARγ and its targets ([@B57]), indicating that TNFα concentration and timing (acute *vs.* chronically changed levels) are of major importance and define the context of TNFα\'s effect on lipolytic genes. Finally, we find significantly reduced circulating insulin in fasted JunB-KO mice. Because insulin is known as a pivotal lipolytic hormone ([@B32]--[@B34]), its lower level in JunB-KO mice might facilitate up-regulation of ATGL and HSL.

Increased TNFα-induced lipolysis has been linked to insulin resistance, at least in part due to the increased FA levels in plasma, which accumulate in other nonadipose tissues ([@B58]). In fact, in JunB-KO mice, the consumed energy is not adequately stored in WAT, and these mice show increased plasma TG levels in the fed condition. *LPL* and *Glut4* gene expression were not modified in WAT, suggesting that JunB-KO mice show no tendency to counteract AT loss. Thus, we tested glucose tolerance and insulin sensitivity. We found that JunB-KO mice and their WT littermates have the same tolerance to glucose, and therefore, the pancreatic insulin secretion seems not to be altered. However, the IST showed that there is ameliorated insulin sensitivity in JunB-KO mice, which might in turn lead to the lower glucose and insulin levels displayed by these mice. This result is somewhat surprising because most of the more severely lipodystrophic mouse models are insulin resistant ([@B59]--[@B61]). However, there are also mouse models with reduced AT mass that develop neither a fatty liver nor insulin resistance ([@B62]). The increased insulin sensitivity could be an effect of the low AT mass, much like the reduction of AT mass in obesity has been related to amelioration of insulin sensitivity in part due to reduced FA levels ([@B63], [@B64]). In agreement, a model with a nonsecretable TNFα transgenically expressed in an adipocyte-specific manner shows local adipose insulin resistance but does not develop systemic insulin resistance ([@B46]). These mice have lower AT mass and no changes in Glut4 expression in WAT, as observed in the JunB-KO mice. In addition, the SM mRNA expression level of Glut4 was not modified, as would have been expected if the JunB-KO animals suffered from a systemic TNFα-induced insulin resistance. Instead, we found the expression of lipogenic genes up-regulated in SM, presumably to counteract reduced ß-oxidation which could occur as a result of the lower serum FA levels in fasted JunB-KO mice. Furthermore, LPL expression in SM was also up-regulated in JunB-KO mice. During fasting, this could be a mechanism to shuffle more FA from hydrolyzed lipoprotein-associated TG to the SM to provide more energy when serum FA and glucose levels are low. In addition, we have not observed fatty liver symptoms in JunB-KO mice, which also indicate that FA derived from TG are not stored ectopically.

In summary, we show here that JunB-deficient mice have strongly reduced AT mass and that enzymes of lipolysis (ATGL and HSL) were significantly increased in WAT of these mice as well as the ratio of plasma FFA per gram fat mass, suggesting an increased lipolysis. However, our data indicate that JunB deficiency neither interferes with adipogenesis nor directly influences lipolytic gene expression. Furthermore, we propose that TNFα up-regulation in WAT of JunB-KO mice, and concomitantly reduced perilipin levels present a possible underlying mechanism as well as a link between increased lipolytic rate and JunB deficiency.

Abbreviations: AP-1Activator protein 1ATadipose tissueATGLadipose triglyceride lipaseAUCarea under the curveBMCbody mass compositionCAcatecholamineCGI-58comparative gene identification-58FFAfree fatty acidGTTglucose tolerance testISTinsulin sensitivity testJunB-KOJunB knockoutLPLlipoprotein lipaseMEFmouse embryonic fibroblastsntcnontargeting control constructshRNAshort hairpin RNASMskeletal muscleTGtriglycerideWATwhite AT.

We thank Florian Stoeger and Claudia Neuhold for technical assistance. We are very thankful to Erwin F. Wagner for providing the JunB^fl/fl^ and MORE-Cre mice.

This work was supported by the Austrian Ministry for Science and Research, GEN-AU project GOLD-Genomics of Lipid-Associated Disorders (FFG 820979 C3), and the Austrian Science Fund SFB, Project Lipotoxicity (F 30 01).

Current address for M.P.: Department of Biochemistry and Biotechnology, Universitat Rovira i Virgili, 43007 Tarragona, Spain.

Disclosure Summary: The authors have nothing to disclose.

[^1]: M.P. and A.P. equally contributed to this work.
